Abstract It is well known that coupling a single emitter to metallic structures modifies drastically its fluorescence properties compared to single emitter in vacuum. Depending on various parameters such as the nature of the metal or the geometry of the metallic structure, quenching or intensity enhancement as well as radiative processes acceleration are obtained through the creation of new desexcitation channels. The use of metallic random structures gives the opportunity to magnify the effect of the coupling by strongly confined electromagnetic fields. A gold film at the percolation threshold is an interesting illustration of that effect. Here, we study the influence of the method used to realize these films through two different examples. First, we show that the mean size of the gold clusters constituting the film depends on the deposition method. Even if similar optical properties (in particular far-field absorption) are exhibited by the structures, crucial differences appear in the fluorescence of single emitters when coupled to the two kinds of 
Introduction
Colloidal core-shell nanocrystals (NCs) are promising single emitters. They are synthesized in solution and so are easy to use and to prepare at low cost. They are bright (high quantum yield (QY)) and photostable at room temperature, opening a wide variety of applications, such as quantum optics [1] , biomedical applications [2, 3] , or optoelectronics [4] [5] [6] . But for an optimal use of NCs, a fine tailoring of their fluorescence properties is needed.
It is well known [7] that the control of the fluorescence properties, such as polarization, emission diagram, or photoluminescence (PL) decay, can be achieved by modifying the electromagnetic (EM) surroundings of the emitter. For example, the modification of the PL decay can be achieved by the use of cavities. In the weak coupling regime, the modification of the PL decay can be quantified through the Purcell factor F P = τ 0 τ [8] , where 1 τ 0 and 1 τ are the decay rates of the emitter in free space and in the cavity, respectively.
Specific dielectric structures have been investigated, such as micro-disks [9] , micro-pillars [10, 11] , or other microcavities [12] . Dielectric cavities with very high quality factors (Q) can be designed and Purcell factors (F P ) greater than 10 have been obtained. In these cavities, F P is proportional to the ratio Q V , where V is the modal volume in the cavity. It is obvious that increasing F P can be obtained either by increasing Q or decreasing V . The reduction of V is limited by the diffraction: it is not possible to obtain, in cavities, smaller modal volume than the cube of the wavelength. Then, increasing Q is the key to achieve high F P . But this is meaningful only if the bandwidth of the emitter is narrower than Q. Otherwise, in the F P expression, Q is replaced by the bandwidth of the emitter. This is a strong limitation for controlling the emitter's emission with dielectric cavities at room temperature, where emitters usually exhibit a large bandwidth.
Since the results obtained by Drexhage et al. [13] , it is known that metallic structures can also be used to modify the fluorescence properties of an emitter. Two major advantages of the metallic structures are due to plasmon resonances: strong localizations of EM field and wide bandwidths. Thanks to the strong localization of the EM field, modal volumes smaller than the cube of the wavelength can easily be obtained and thanks to the spectral width of the plasmon resonances, it is possible to couple efficiently large bandwidth emitters or different kind of emitters to the same metallic structure.
However, a strong drawback of the metallic films is losses. Some metallic structures [14, 15] have been specifically designed to redirect the non-radiative plasmons. The parameters involved in these studies are the size of the metallic nanostructure and its distance and orientation with respect to the emitter [16, 17] . In these kind of studies, mastering the relative position of the emitter to the metallic cluster plays a crucial role. In this paper, we propose to use random gold films, allowing us to skirt this major difficulty. These random gold films have many advantages for the coupling with the fluorescence of the emitter. Due to a large number of plasmon resonances, the coupling can be efficient whatever the emission wavelength is. A wide variety of plasmons is also observed on these films, including radiative ones that can induce an efficient collection of the fluorescence. It will be shown in this article that randomness is not the only parameter controlling the coupling between emitters and metallic structures. The size of the random metallic clusters also plays a great role in the modification of the fluorescence properties.
Samples and experimental setup
The random gold structures were elaborated using two different methods: thermal evaporation under ultrahigh vacuum (10 −9 torr, method 1) and radio frequency sputtering (method 2). For both methods, the films were obtained on the same kind of substrate and below the percolation threshold. In this concentration regime, the deposited layer exhibit a wide variety, in shapes and sizes, of unconnected gold clusters.
The local structure of the gold films was observed with an Atomic Force Microscope (AFM, Dimension 3100, Bruker AXS). Their optical properties (transmission, reflection, and absorption) were studied with a Perking Elmer LAMBDA 950 spectrophotometer.
The NCs have been synthesized following the method described in [18] . They are core-thick shell CdSe-CdS NCs, with a 5-nm-diameter core and a 10-nm-thick shell. The fluorescence emission is around 660 nm with a full width at half maximum of 30 nm.
The fluorescence of the NCs was analyzed with an inverted confocal microscope (IX 71, Olympus). The excitation was performed with a pulsed diode laser (LDH 485, PicoQuant, pulse duration ∼ 100 ps) emitting at 485 nm, with a repetition rate of 2.5 MHz for NCs deposited on glass coverslip (reference) and 40 MHz for NCs deposited on the gold films.
The fluorescence was collected through an air objective with numerical aperture (NA) of 0.95. An oil objective with NA of 1.4 was also used for the characterization on glass coverslip.
The optical signal is sent in a high-sensitivity HanburyBrown and Twiss (HB-T) setup (avalanche photodiodes PDM series, MPD, time resolution 50 ps). The signal is recorded by a PicoHarp 300 module (PicoQuant, time resolution 64 ps). For each experiment, the absolute time of arrival of the photons with close to 100 ps accuracy is given. Then the time evolution of the intensity, the correlation between photon pairs, and the PL decay are extracted.
The CdSe-CdS nanocrystals
Unlike usual CdSe-ZnS NCs, for which it is impossible to grow a thick shell without defects, CdSe-CdS NCs can have shells as thick as 15 nm. Due to relative positions of the conduction and valence bands at the interface between CdSe and CdS, when an electron-hole (e-h) pair is created, the electron is delocalized in the whole structure of the nanocrystal while the hole remains confined in the core. This affects the fluorescence lifetime, increasing from ∼ 20 ns for CdSe-ZnS NCs to ∼ 70 ns for CdSe-CdS NCs. The blinking phenomenon, which is the main drawback of CdSe-ZnS NCs and consists on non-emitting periods due to ionization and Auger effect [19] , is strongly reduced. More precisely, the ionized state of CdSe-CdS NCs is still a radiative state but with a reduced efficiency. The duration of the ionization periods does not exceed tens of milliseconds [20] . The thick shell also plays the role of a spacer. It prevents the quenching due to non-radiative processes occurring close to a metallic surface. Depositing directly these thick-shell NCs on gold films is then possible [21] .
Typical fluorescence properties are depicted on Fig. 1 . The record of the intensity versus time (Fig. 1a) shows the fluctuations of the intensity. The histogram of this trace exhibits a maximum value with a tail due to the remaining flickering. The most probable value will be used to compare intensities on gold films.
The PL decay is shown on Fig. 1b and is well fitted by a bi-exponential decay curve. The longest time decay of the bi-exponential corresponds to the neutral state of the NC and the shortest one is due to the ionized state of the NC. Details can be found in [22] .
NCs were excited in the low power excitation regime (10 % of the saturation regime). In this regime, the probability to create e-h pairs is described by a Poisson statistics [20] , and 90 % of the pulses will not generate an e-h pair, 9.5 % will generate one e-h pair, and only 0.5 % will generate more than one e-h pair. The fraction of multiexcitons is small enough to be neglected for future intensity comparisons. 
The gold structures
The two methods used to elaborate the gold films lead to structures with similarities and differences which can be observed through the local structure and the far-field spectrum (Fig. 2) . The topographic images (Fig. 2a, b) show a similar general structure of the films, i.e., non-connected random clusters of widely different shapes, but either the mean lateral dimensions or the height of the clusters are smaller, roughly by a factor two, for the films elaborated by method 2 (Fig. 2b) compared to those elaborated by method 1 (Fig. 2a) . The mass thickness (∼ 7.5 nm) is very close for the two films. Despite the difference in size of the clusters, the same quantity of metal is deposited on the films. To the end of the study, the structures elaborated by method 1 will be called big structures and the structures elaborated by method 2 will be called small structures.
Far-field optical spectrum are depicted on Figs. 2c, d. The general behavior of absorption, reflection, and transmission are nearly the same. The values of the reflection and the transmission are slightly different, but the absorption is the same for both structures with a plateau covering a part of the visible and extending to the infrared. This plateau corresponds to a wide range of plasmon resonances due to the distribution of metallic cluster sizes and shapes.
To evaluate the disorder, it is common to calculate the fractality of the perimeter of the clusters [23] . The perimeter P c of a cluster is said to be fractal when P c ∝ S D 2 , where S is the surface of the cluster and D, the fractal dimension, is a non-integer number. Here, for the big structures, D = 1.88. For the small ones, D 1.9. For the two films, D is nearly the same and very close to the well-known Hausdorff value for these kinds of structure [23] .
Due to the disorder of these metallic structures, strong localizations and enhancements of the EM fields have been observed [24] . These localizations of energy are usually called hot spots. Their position, number, and intensity depend on the excitation parameters. The higher the wavelength, the stronger the enhancement and localization.
Coupling NCs to the gold structures
NCs are directly deposited on the gold nanostructures without any spacer. Only their fluorescence is coupled to the plasmon resonances, but not the excitation laser which is outside the absorption plateau. The main modification induced by the coupling between plasmons and NCs emission is a strong acceleration of the fluorescence decay (Fig. 3a) . Due to this strong acceleration, the lifetime of the ionized state becomes too short to be correctly extracted with our setup. Consequently, we only focus on the modifications of the neutral state's lifetime. The acceleration is Fig. 2 AFM topography (a, b) and far-field spectra (c, d) of the random gold structures deposited by thermal evaporation under ultrahigh vacuum (a, c) and radio frequency sputtering (b, d) 
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due to the opening of new desexcitation channels that can be radiative or non-radiative. The intensity of the fluorescence is then strongly modified. Figure 3a shows these modifications on both structures, where the intensity is plotted versus F P for a large set of NCs.
On Fig. 3a , a strong increase of the decay rate is observed. For each set of data, the range of F P values is wide, with a factor of 10 between the less and the most accelerated NCs. For the big structures, F P ranges from 6 to 60. For the small structures, F P ranges from 12 to 120. This wide distribution is attributed to the random distribution of positions and intensities of the hot spots on the surface of the film. Comparing the two sets of data, it is clear that the emission is more accelerated on the small structures: the F P distribution is centered on higher values on the small structures than on the big ones but with a comparable width.
The strong modification of the collected fluorescence intensity is observed on Fig. 3a . The intensity of fluorescence collected by the setup for NCs on gold structures is normalized by the intensity collected on glass coverslip. The different repetition rates of the laser used in both cases has been taken into account. The intensity is far lower on a b for NCs deposited on big (orange squares) and small (blue circles) structures and b radiative against nonradiative decay rates both for the coupling on big (orange squares) and small (blue circles) structures small structures and the ratio of signal-to-noise is too low to keep the same excitation power than on big structures. A higher excitation, still remaining in a low power excitation regime, has been needed but intensity results have been renormalized. A wide range of intensities can be obtained, up to three times and down to 0.05 times the reference intensity on glass coverslip. Here again, this distribution is due to the wide variety of plasmons existing on this type of structures. The intensities are clearly higher for the big structures, with values ranging from 0.4 to 2.9 times the reference on glass coverslip. For the small structures, most of the fluorescence is lost in non-radiative channels as the intensity is always lower than 0.4 times that on the glass coverslip.
A common set of F P values can be found on both structures, from 12 to 60, but even for this set, intensities are far lower on small structures. This means that the desexcitation channels on the two structures are completely different. The number of non-radiative channels is more important on the small structures. The calculation of the number of radiative and non-radiative channels is done as follows. First, we select the intensity corresponding to the neutral state, giving us F coll . Then, we extract the fluorescence lifetime, giving us the total decay rate τ = 1 k tot . Using the two well-known equations
we can deduce the values of k rad and k non−rad , respectively (details can be found in [25] ). This procedure has been applied on the experimental data, and the results are plotted on Fig. 3b . A wide range of radiative and non-radiative decay rates is obtained. For both structures, the range of radiative decay rates is nearly the same, slightly wider for the small structures. The radiative channels are comparable on both structures. On the contrary, the value of the non-radiative decay rate is always higher for the small structures. The distribution is still wide, clearly higher for small structures. Non-radiative channels are much more likely than radiative ones. This explains the data shown on Fig. 3a . For the small structures, desexcitation is mostly due to non-radiative processes. The acceleration of PL decay is higher on small structures due to a higher total number of decay channels. Then, higher F P s on the small structures correspond to lower intensities.
The size of the initial clusters seems to play a crucial role. This could be in agreement with results obtained for the coupling of single emitter with gold nanospheres [26] . The smallest is the sphere, the strongest is the coupling, but also the lowest is the collection. Nevertheless, one has to bear in mind that the metallic structures studied in this article are much more complex than single nanoparticles. For a more complete understanding, one has to take into account the distance between the clusters, the fact that the emitter interacts with many of them and the roughness of the film [27] . The influence of long range interaction processes might also be considered.
However, our results could explain crucial differences obtained by several groups concerning the coupling of single emitters with random structures [28] [29] [30] : it strongly depends on the size of the gold clusters and the method used to obtain the random gold films.
Conclusion
All the above results show that the desexcitation channels are really different on both structures even if the two films are at the vicinity of the percolation threshold. A higher number of desexcitation channels are present on the small structures, but they are mainly non-radiative. It results in strongly accelerated decay processes with very low collected intensity. Fastening the desexcitation processes on small structures is mainly due to non-radiative processes. On the contrary, on the big structures, the total number of desexcitation channels is lower, but the ratio between radiative and non-radiative ones is more balanced. The radiative processes are slightly less accelerated, but the collection of the fluorescence intensity is far higher. The coupling then realizes a compromise between the fastening of recombination process and the collection efficiency. Our results finally show that the coupling between a single emitter and a random gold film near the percolation threshold depends strongly on the microscopic structure of the film, both in terms of Purcell effect and far-field emission.
